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Abstract
We propose a new definition of oblique plate convergence. Our model considers arc-trench curvature on a spherical Earth, 
and defines obliquity as the angle between the direction of plate convergence and the azimuth from the central point along the 
arc to the center of curvature of the arcuate trench. We also show how this model may be extended to multiple-arc trenches.
We apply this definition to the Western Sunda Arc, which has been traditionally considered the prime example of oblique 
plate convergence, particularly the segment corresponding to Sumatra. We define eight arc-like segments along this arc-
trench system. Obliquity angles on these arc-like segments vary from 92° in the northernmost (Burmese) arc to 7° offshore 
the Sunda strait (between Sumatra and Java). The angle of obliquity offshore Sumatra is 31°, almost within the definition of 
slightly oblique convergence. Given the low angle of obliquity, partitioning along the Sumatran fault, in the southern portion 
of the Western Sunda Arc, is difficult to explain by oblique plate convergence alone. We suggest that the entire segment (or 
forearc) inboard of the Western Sunda Arc be dragged from the Burmese arc, where overriding and subducting plates are 
completely coupled and oblique plate convergence is high.
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Introduction

Harland (1971), proposed that beyond extension, compres-
sion and transcurrent relative plate motions, oblique relative 
movement, such as transtension and transpression, should 
also be considered. Harland’s paper may then be considered 
as a predecessor in the study of oblique plate convergence. 
Later, and in a landmark paper, Fitch (1972) proposed that 
oblique plate convergence yields to a fraction of the slip 
being transferred to transcurrent motion parallel to the plate 
margin. Ever since this pioneering work, oblique plate con-
vergence has attracted the attention of workers throughout 
the Geosciences community.

According to the traditional definition, oblique plate 
convergence takes place when the angle between the vec-
tor of plate convergence and the direction normal to the 

trench (the angle of obliquity) differs from zero degrees 
(e.g., Fitch 1972; Beck 1983; Scotese and Rowley 1985; 
Curray 1989; Beck 1991; DeMets 1992; McCaffrey 1992; 
Platt 1993; McCaffrey 1994; Bellier and Sébrier 1995; Jones 
and Tanner 1995; Teyssier et al. 1995; Liu and McNally 
1995; McCaffrey et al. 2000; 2009; Schellart et al. 2011; 
Díaz-Azpiroz et al. 2016; Bradley et al. 2017; Panda et al. 
2018; Ho et al. 2022; Zhang et al. 2022a) (Fig. 1). Scotese 
and Rowley (1985) classify oblique convergence as: highly 
oblique (angle of obliquity between 60° and 90°), mod-
erately oblique (30°–60°), and slightly oblique (or nearly 
orthogonal convergence) (0°–30°).

Fitch (1972) and subsequent workers have proposed that 
oblique plate convergence is generally partitioned into two 
components: one parallel to slip of thrust-faulting earth-
quakes along the convergent margin, and another which 
is resolved parallel to the trench, generally in the form of 
one or several large strike-slip faults. This is considered the 
mechanism responsible for detachment and transport of the 
forearc sliver in many arc-trench systems (Fig. 1).

The basic plane-Earth model of oblique plate conver-
gence (such as the one presented in Fig. 1) is simple: One 
block represents the plate being subducted along a linear 
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trench. Another block represents the overriding plate. The 
relative motion between the two plates takes place at an 
oblique angle γ with respect to the direction normal to the 
trench. A third block, located between the overriding and 
subducting plates, and usually called the forearc sliver, is 
displaced parallel to the trench and along a strike slip fault, 
because the oblique plate convergence is partitioned between 
motion perpendicular to the trench and parallel to it (Fig. 1).

This model, with little or no change, has been invoked in 
published papers throughout the years. As recently as 2023, 
papers on this subject matter have been published, in which 
this block model is used throughout. Recent papers span 
several regions: the Andes (Alvarado et al. 2016; Stanton-
Yonge et al. 2016; Catalán et al. 2017; Schütt and Whipp 
2020; Seymour et al. 2021; Liu et al. 2023), California 
(Mookerjee et al. 2016), the Caribbean (Escuder-Viruete and 
Pérez 2020; Galindo and Lonergan 2020; Bustamante et al. 
2021), Central America (Garibaldi et al. 2016), China in 
the Paleozoic (Hou et al. 2020), Japan (DeMets 1992; Toda 
et al. 2016), Luzon trough (Zhang et al. 2022b), southern 

Mexico (Gaidzik et al. 2016), New Zealand (Guerit et al. 
2016), Taiwan (in the Plio-Plesitocene) (Ho et al. 2022), the 
Western Sunda Arc (Cummins 2007; Kundu and Gahalaut 
2012; Berglar et al. 2017; Fernández-Blanco et al. 2016; 
Bradley et al. 2017; Koulali et al. 2017; Panda et al. 2018; 
Mallick et al. 2019; Khin et al. 2021; Zhang et al. 2022a; 
Bose et al. 2023; Wang et al. 2023), the Zagros mountain 
belt (Malekzade et al. 2016), and world-wide (Philippon and 
Corti 2016). Other works about analogue (Guerit et al. 2016; 
Cooke et al. 2020; Schütt and Whipp 2020; Balázs et al. 
2021; Jiménez-Bonilla et al. 2022), or numerical modelling 
(e.g., Platt 1993; Malatesta et al. 2016; Stanton-Yonge et al. 
2016; Catalán et al. 2017) also invoke the plane-Earth block 
model. Many more works published earlier (too many to 
refer to herein) have also used the same model. Díaz-Azpiroz 
et al. (2016) (and references therein) present a good review 
of the literature.

A plane-Earth block model may be suitable for small-
scale features, such as the Rosy Finch shear zone in central 
California (Mookerjee et al. 2016), or El Salvador Fault 

Fig. 1  Traditional definition of 
oblique plate convergence, for 
a straight trench. Top. Block 
view. Bottom. Plan view. V is 
plate convergence vector; Vn, 
vector normal to trench; Vp, 
margin-parallel plate vector. α is 
the azimuth of plate conver-
gence and γ, the plate obliquity 
angle. (Adapted from McCaf-
frey et al., 2000 and McCaffrey, 
2009). All figures were drawn 
with the help of The Generic 
Mapping Tools software (Wes-
sel and Smith 1991, 1995, 1998; 
Wessel et al. 2013)
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System in Central America (Garibaldi et al. 2016) or rupture 
associated with the 16 April 2016 Kumamoto earthquake in 
Japan (Toda et al. 2016), but for larger structures, geometri-
cal modelling on a spherical Earth is more appropriate. In 
this paper, we propose why.

Most, if not all, trenches on Earth are arcuate features, 
with the shape of an arc (or several) of a small circle (e.g., 
Frank 1968; Tovish and Schubert 1978; Yamaoka et al. 
1986; Yamaoka and Fukao 1987; Guzmán-Speziale 1995; 
Morra et al. 2006; Mahadevan et al. 2010; Király et al. 2016; 
Coltice 2023) (Fig. 2).

The direction normal to an arcuate trench on the surface 
of a spherical Earth is the direction perpendicular to the 
tangent on the point considered (Fig. 2). This direction is 
not unique for the entire trench or arcuate segment; in fact, 
there are as many directions normal to the trench as there 
are points along it: an infinite number. Consequently, the 
angles of obliquity along an arcuate trench are also infinite 
(Fig. 2). McCaffrey (1994) tried to overcome this problem 
by binning the trench in 75–200 km segments, and calcu-
lating trench normal directions to each of these segments. 
Even then, there will be as many azimuths of trench normal 

as there are bins along a given arc-trench system, and the 
angle of obliquity might even change sign, as in the case of 
the Mariana or the Peru-Chile trench (Fig. 2).

How can we then define oblique plate convergence along 
an arcuate trench on a spherical Earth? How is it geometri-
cally possible to transfer slip along an arcuate trench? Is 
detachment and transport of the forearc block feasible? In 
this paper, we explore answers to these questions, by pro-
posing a new definition of oblique plate convergence, which 
takes into account the sphericity of the Earth and the curva-
ture of trenches. We then investigate the role of oblique plate 
convergence (as defined herein) in detachment and transport 
of the forearc in the case of the Western Sunda Arc, which 
has been traditionally considered the prime example of 
oblique plate convergence and sliver detachment (e.g., Fitch 
1972; Newcomb and McCann 1987; Curray 1989; Malod 
and Kemal 1996; McCaffrey 2009; McNeill and Henstock 
2014; Fernández-Blanco et al. 2016; Bradley et al. 2017; 
Koulali et al. 2017; Panda et al. 2018; Mallick et al. 2019; 
Khin et al. 2021; Li et al. 2021; Zhang et al. 2022a; Bose 
et al. 2023; Wang et al. 2023).

Fig. 2  Curvature of various arc-trench systems around the Pacific 
Ocean, showing plate convergence vectors (red arrows) and trench-
normal vectors (black arrows). Plate convergence is calculated from 

the Euler poles given by DeMets et al. (2010), while trench normal is 
obtained as the direction perpendicular to the tangent to the trench, at 
the point considered
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Oblique plate convergence along an arcuate 
trench on a spherical earth

Consider an arcuate trench consisting of an arc of a small 
circle on the surface of a spherical Earth (Fig. 3). This arc 
may be defined by its center of curvature, the angular dis-
tance from the center of curvature to the arc δ, and by its 
two end points (which, in turn, may be described by their 
azimuths α1 and α2 from the center of curvature). Addition-
ally, consider the segment of great circle from one end point 
to the other, i.e., the chord between them (Fig. 3).

Relative plate motion between the two plates considered 
and along the trench is described by rotation around an Euler 

pole. Trajectories of motion between the two plates are small 
circles around the Euler Pole. The direction of plate motion 
(or plate convergence vector) on a given point along the plate 
boundary (trench) is the azimuth of the vector tangent to this 
small circle at this point (Fig. 3).

The direction normal to the trench will be given at each 
point by the vector perpendicular to the tangent at this par-
ticular point. At the same time, this vector will point towards 
the center of curvature, along a great circle connecting both 
points (Fig. 3). Obliquity along a trench, in its traditional 
definition, is the angle between plate convergence direction 
and trench normal. But in the case of an arcuate trench, and 
as mentioned above, an infinite number of directions normal 
to the trench may be obtained (Figs. 2 and 3). Which one 
defines obliquity of plate convergence?

The vector normal to the trench at the midpoint of the 
arc is equivalent to taking the average of all directions 
of trench normal along the arc. This vector is also per-
pendicular to the chord of the arc (Fig. 4). We propose 
that this vector may represent the direction normal to the 
entire arc. Likewise, the angle of obliquity γ will be given 
by the angle between the vector normal to the trench and 
the plate convergence vector, both taken at the midpoint 
of the arc (Fig. 4). In this manner, there will only be one 
angle of obliquity for the entire arc. The chord of the arc 
is perpendicular to the trench normal (Fig. 4) and is the 
preferential direction along which strike-slip displacement 
will most likely take place.

Trenches, however, are usually not composed of one sin-
gle arc. Most are formed of a small number (usually less 
than 10) of continuous arc segments (e.g., Frank 1968; 
Tovish and Schubert 1978; Yamaoka et al. 1986; Yamaoka 
and Fukao 1987; Guzmán-Speziale 1995; Schellart 2004; 
Morra et al. 2006; Mahadevan et al. 2010; Li et al. 2021; 
Coltice 2023). Continuity of the trench means that there are 
no singular points along it, i.e., at each and every point of 
the trench there is only one tangent to it. In other words, 
the curve is continuous and differentiable along its entirety 
(e.g., Munem and Foulis, 1984). End points of each arcuate 
segment become points of inflection between neighboring 
arcs (Fig. 5). Trenches are sometimes joined by cusps (points 
of singularity) (e.g., Yamaoka and Fukao 1987), such as the 
Aleutians and Kuril-Kamchatka trenches (Fig. 2), but in this 
case, they are identified as two different trenches.

The trench will then have as many angles of obliquity as 
there are arc segments along it (Fig. 5), each determined at 
the midpoint of its corresponding arc. It might be argued 
that, in this manner, obliquity could change drastically 
between adjoining arcs. Usually, however, changes are 
gradual and subtle. The example of the Western Sunda Arc 
is shown below.

In order to determine centers of curvature, midpoints, and 
inflection points along an arc-trench system, it is necessary 

Fig. 3  Top. Parameters of an arcuate trench on a surface of a spheri-
cal Earth. The trench is a segment of a small circle on the surface of 
a spherical Earth. Large half-arrow indicates North. Angular distance 
δ and azimuths α from center of curvature to end points of the arc are 
shown. Chord is the segment of great circle that joins the end points 
of the arc. Bottom. Plate convergence (red) and trench normal (black) 
vectors along the arc. Dashed, red lines represent small-circle trajec-
tories around the Euler pole. Plate convergence vectors are tangent 
to these trajectories. Dotted black lines represent great circles from 
points along the trench to its center of curvature. Trench-normal vec-
tors are tangent to these great circles. Magenta lines are tangent lines 
on points (magenta circles) where trench-normal and plate conver-
gence vectors are indicated
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first to determine its arcuate segments. This may be achieved 
using bathymetry data, fitting small circles through the deep-
est part of the trench and then connecting the resulting cir-
cles through their inflection points. Guzmán-Speziale (1995) 
shows such a procedure for the Mid-America trench, where 
six arc-segments were adjusted. In summary, the procedure 
is as follows:

1. Display on a map reliable bathymetric data (e.g., Smith 
and Sandwell 1997; Becker et al. 2009; Tozer et al. 
2019; Fan et al. 2022) for the area of interest.

2. By visual inspection, choose a segment of the trench 
with constant curvature.

3. Extract data for the deepest part of the arc for this seg-
ment.

4. Fit the data to a small circle using, for example, the rou-
tine fitcircle of The Generic Mapping Tools (e.g., Wessel 
and Smith 1991; Wessel et al. 2013). Guzmán-Speziale 
(1995) also provides a method to fit a small circle.

5. Repeat step 4 as needed, adding or subtracting points 
along the trench, until the best fit (in the least-squares 
sense) is found. This step will also yield the center of 
curvature of the segment.

6. Repeat steps 2–5 for each identified arc of constant cur-
vature along the trench.

7. Connect arcs so determined by finding their inflection 
points.

Fig. 4  Normal (top) and 
oblique (bottom) subduction, 
defined on an arcuate trench. 
Magenta line on the midpoint 
is tangent to the arc. All other 
parameters as defined in Fig. 3. 
Notice that trench normal for 
the entire arc is defined at the 
midpoint as the direction per-
pendicular to the tangent line. 
See text for details
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8. Inflection points are found by joining adjacent centers of 
curvature with a great circle. The inflection point lies on 
the intersection of both arcs and the great circle (Fig. 5).

With this procedure, the center of curvature of each 
arc is uniquely determined, the angular distance from it 
to the arc will be known, as will be the azimuths to the 
end points (or points of inflection). Centers of curvature 

of adjoining segments will lie on the great circle that con-
nects them (Fig. 5). An inflection point between neigh-
boring arcs belongs to both arcs, and is also located on 
the great circle that connects their centers of curvature 
(Fig. 5).

In this manner, a few (usually less than 10) segments of 
adjoining small circles will model an arc-trench system, with 

Fig. 5  Example of an idealized 
arc-trench system consisting of 
three arcs. Solid black lines are 
great circles that connect end- 
or inflection-points to centers 
of curvature. Notice that these 
great circles connect centers 
of curvature of neighboring 
segments, and cross the trench 
at inflection points, even in the 
case of two adjoining concave 
segments. Dotted lines are great 
circles between the midpoint 
and the center of curvature of 
the corresponding arc. Other 
vectors and symbols as in 
Figs. 3 and 4. Inset shows how 
this trench system would look 
on a spherical Earth
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their respective centers of curvature. This method reduces the 
angles of obliquity from an infinite number (Fig. 3) to the 
number of arcs that form the arc-trench system. The hypotheti-
cal trench in Fig. 5 has three arcuate segments (two concave 
towards subduction, and one convex), each with its center of 
curvature, middle point, and angle of plate obliquity γ.

This method may also be applied when two adjoining arcs 
are concave-concave, as shown in Fig. 5. In this case, the cent-
ers of curvature of adjoining arcs still lie on a great circle, 
but they are located on the same side of the trench. A practi-
cal example for the Middle America trench can be found in 
Guzmán-Speziale (1995).

The Western Sunda Arc

The Western Sunda Arc is an arc-trench system which 
runs in an approximate N–S to NNW–SSE direction and 
extends, from north to south, from the Eastern Himalayan 
Syntaxis to the Sunda Strait (Fig. 6) (e.g., Curray 1989; 
Guzmán-Speziale and Ni 1996; Bradley et al. 2017; Li 
et al. 2021; Bose et al. 2023). East of the strait, the arc, 
although still called the Sunda Arc, takes an E–W ori-
entation and plate convergence is no longer oblique, and 
therefore beyond the scope of our example. This is the 
area where Fitch (1972) originally described oblique plate 
convergence and forearc detachment.

Fig. 6  Main tectonic elements 
of the Western Sunda Arc (see 
text for details). Inset shows 
location of the arc
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Main tectonic features

The trench as a physiographic feature along the Western 
Sunda Arc, shoals from more than 6 km depth off Sumatra to 
some 3.5 km off the Nicobar Islands (latitude 8°) and finally 
some 2 km north of the Andaman Islands (latitude ~ 18°) 
(e.g., Tozer et al. 2019) (Fig. 6). North of this point, the arc 
is identified by the western foothills of a foreland fold-thrust 
belt, known by the name of Indoburman ranges (e.g., Mitch-
ell and McKerrow 1975; Bannert et al. 2012), Indo-Burman 
wedge (Mallick et al. 2019), or Indo-Myanmar ranges (e.g., 
Khin et al. 2017; 2020; 2022) (Fig. 6). The ranges them-
selves are thought to be the accretionary wedge, scraped off 
the subducting Indian Plate, uplifted some 2000 m above sea 
level. (e.g., Brunnschweiler 1966; Rodolfo 1969; Mitchell 
1981; Curray and Lawver 1982; Betka et al. 2018; Khin 
et al. 2020).

The Sagaing Fault is a right-lateral fault located in the 
Central Lowlands of Myanmar, east of the Indoburman 
Ranges (Fig. 6). It extends for about 1200 km. Several 
authors coincide that total displacement along the fault is 
in the order of 400–450 km, and has been active in the last 
13 Ma, with an average slip rate of 3–3.5 cm/yr (e.g., Curray 
et al. 1979; Mitchell 1981; Curray and Lawer 1982; Dain 
et al. 1984; Maung 1987b, a; Vigny et al. 2003; Mallick et al. 
2019; Panda et al. 2020; Tin et al. 2022; Fadil et al. 2023; 
Morishita et al. 2023). This fault takes up at least part of the 
opening of the Andaman sea (Curray et al. 1979; Guzmán-
Speziale and Ni 1993; Kundu and Gahalaut 2012; Steckler 
et al. 2016; Panda et al. 2020).

On the Andaman Spreading Ridge, sea-floor spread-
ing takes place along a system of east-northeast striking 
spreading centers that are offset by north-northwest ori-
ented transform faults (e.g., Curray 1989; 2005; Cochran 
2010; Srijayanthi et al. 2017; Sagazan and Olive 2021). 
The extension process has been ongoing for the last 13 Ma, 
with an average rate of 3.7 cm/yr, as indicated by magnetic 
anomalies and seismic strain-rate calculations (e.g., Curray 
et al. 1979; Lawver and Curray 1981; Curray and Lawver 
1982; Curray 1989; Guzmán-Speziale and Ni 1993; Radha 
Krishna and Sanu 2002; Diehl et al. 2013; Kamesh Raju 
et al. 2020; Jacob et al. 2021; Shamim et al. 2021; Snehashis 
et al. 2022).

The West Andaman fault, located between the Andaman 
ridge and the western Sunda arc (Fig. 6), is reported by Cur-
ray (1989) as being presently inactive, but taking part in 
the early opening of the Andaman Sea. McCafffrey (2009) 
shows the fault as right-lateral. Other workers (e.g., Kamesh 
Raju et al. 2007; Martin et al. 2014; Snehashis et al. 2022) 
have found evidence of activity, behaving as a right-lateral, 
strike-slip structure, although Mahattanachai et al. (2021) 
suggest that the fault was active only during the Miocene. 

The extension process has been ongoing for the last 13 Ma, 
with an average rate of 3.7 cm/yr, as indicated by magnetic 
anomalies (e.g., Curray et al. 1979; Lawver and Curray 
1981; Curray and Lawver 1982; Curray 1989; Guzmán-
Speziale and Ni 1993; Radha Krishna and Sanu 2002).

The Sumatra fault, also a right-lateral, strike-slip fault, 
separates the main overriding plate from the forearc sliver 
along the volcanic arc of Sumatra (Fig. 6). This is the tec-
tonic feature which Fitch (1972) and other workers after-
wards (e.g., Beck 1983; Jarrard 1986; Curray 1989; McCaf-
frey et al. 2000; McCaffrey 2009; Rafie et al. 2023) have 
mentioned as case study for oblique plate convergence and 
slip partitioning. This fault runs along the entire length of 
the island of Sumatra, for about 1500 km, and along the 
active volcanic arc (e.g., Siebert et al. 2011; Weller et al. 
2012; Rafie et al. 2023). The total offset across the fault is 
believed to be in the order of 17–23 km (Katili and Hehu-
wat, 1967; Cameron et al. 1983; Sieh and Natawidjaja 2000; 
Natawidjaja 2018), although McCarthy and Elders (1997) 
propose a 150 km offset of Mesozoic units along the Suma-
tra fault system.

Parallel to the Sumatra fault, closer to the trench, and 
within the forearc lies the Mentawai fault, a 1200 km long, 
right-lateral, structure, also active (e.g., Diament et al. 1992; 
Samuel and Harbury 1996; Sieh and Natawidjaja 2000; 
Singh et al. 2010; Berglar et al. 2017; Philibosian et al. 
2017), although Mukti et al., (2012) and Natawidjaja (2018) 
regards it as a back thrust (Fig. 6). In fact, Malod and Kemal 
(1996) and Berglar et al. (2017) consider the area between 
the Sumatra and Mentawai faults a separate microplate.

Traditionally, it has been considered that the Indo-Aus-
tralian plate subducts underneath the Eurasian plate along 
the Sunda trench (e.g., Minster and Jordan 1978; Wiens 
et al. 1985; DeMets et al. 1990) in a northward direction. 
Recently, however, a smaller overiding plate has been postu-
lated, which is located between the subducting Indo-Austral-
ian plate and the Eurasian plate (the Burma Plate of Maung 
1987b, a; Burma platelet of Guzmán-Speziale and Ni 1996; 
Forearc Sliver Plate, Sieh and Natawidjaja 2000; Sunda 
plate of Bird 2003; Burma (Myanmar) Plate, Satyabala 
2003; Burma Plate , Gahalaut and Gahalaut 2007; Andaman 
Microplate, Engdahl et al. 2007; Sundaland Plate, DeMets 
et al. 2010; Burmese Microplate, Akilan et al. 2016; Myan-
mar-Andaman-Sumatra Microplate, Rangin 2016; Burma 
sliver, Panda et al. 2020; Burma Microplate, Maneerat et al. 
2022), and whose limits are the Sunda trench to the west, the 
large right-lateral Sagaing and Sumatra faults, together with 
the Andaman Spreading Ridge to the east (Figs. 6 and 7). 
According to DeMets et al. (2010), relative motion between 
the Indo-Australian plate and the Sundaland plate along the 
arc varies from 4.3 cm/yr at the northernmost end of the 
convergent margin (next to the Eastern Himalayan Syntaxis), 
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to 4.8 cm/yr along the Sunda trench, offshore the Sunda 
Strait (Fig. 7).

A subducted slab has been clearly identified throughout 
the arc, from the Eastern Himalayan Syntaxis to the Sunda 
strait (e.g., Guzmán-Speziale and Ni 1996; Satyabala 1998; 
Gahalaut et al. 2013; Kundu and Gahalaut 2013; Steckler 
et al., 2016; Hayes et al. 2018; Mallick et al. 2019; Khin 
et al. 2021), even though there are no interplate earthquakes 
along the northernmost part of the arc (e.g., Guzmán-Spe-
ziale and Ni 1996, 2000; Satyabala 1998).

That is why, Guzmán-Speziale and Ni (1996) consider the 
Sunda arc-trench system to extend to the Eastern Himalayan 
Syntaxis. We follow them here.

Seismicity

Essentially, all of the tectonic features of the Western Sunda 
arc, are seismically active (e.g., Newcomb and McCann 
1987; Guzmán-Speziale and Ni 1996; Hurukawa and Maung 
Maung 2011; Hurukawa et al. 2014; Feng et al. 2015; Kumar 
et al. 2015; Carter and Bandopadhyay 2017; Salman et al. 
2020; Hutchings and Mooney 2021; Srivastava et al. 2021) 
(Fig. 8).

Seismic activity along the Sagaing fault has been 
reported by Le  Dain et  al., (1984), Molnar and Deng 
(1984), Vigny et al. (2003) (Fig. 8). Several large earth-
quakes have occurred along the fault in 1908 (M = 7.5), 
1912 (M = 8), two in 1930 (M = 7.3, both), 1931 (M = 7.6), 
1946 (M = 7.75), 1956 (M = 7.0) (Molnar and Deng 1984; 

Fig. 7  a Tectonic plates around 
the Western Sunda Arc. b 
Relative motion between the 
Indo-Australian and Burma 
plates along the Western Sunda 
Arc, according to the Euler pole 
given by DeMets et al. (2010) 
Arrow indicates direction of 
plate convergence and relative 
speed (in cm/yr) is given for 
each point and is proportional 
to the length of the arrow. Solid 
brown lines are contour depths 
of the subducted slab, at 50 km 
intervals, according to the 
model of Hayes et al. (2018)
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Fig. 8  Seismicity of the 
Western Sunda Arc. Data 
from the ISC-EHB catalogue 
(1964–2019) (Engdahl, et al. 
1998; Weston et al. 2018; Inter-
national Seismological Centre 
2023) and the United States 
Geological Survey (USGS) 
catalogue (2020–2023) (https:// 
www. usgs. gov/ progr ams/ earth 
quake- hazar ds). a Epicenters 
for shallow (z ≤ 50 km) events 
(light gray circles – events with 
depths shallower than 25 km; 
dark-gray circles, events with 
depths between 25 and 50 km). 
Magnitudes between 4.0 and 
7.0. b Same as a), but for 
events with magnitudes equal 
or larger than 7.0. c) Epicent-
ers for intermediate depth 
(50 km < z ≤ 80 km; orange 
symbols) and deep (z > 80 km; 
red symbols) events. Larger 
symbols indicate earthquakes 
with magnitude 7.0 or greater

Fig. 9  Earthquake focal mecha-
nisms for shallow (z ≤ 25 km) 
earthquakes in the Western 
Sunda Arc. a Strike-slip events; 
b Normal-faulting events; c 
Thrust-faulting events

https://www.usgs.gov/programs/earthquake-hazards
https://www.usgs.gov/programs/earthquake-hazards
https://www.usgs.gov/programs/earthquake-hazards
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Vigny et al. 2003; Tsutsumi and Sato 2009; Hurukawa and 
Maung Maung; 2011). More recently, the ISC-EHB catalog 
(Engdahl et al. 1998, 2020; Weston et al. 2018; International 
Seismological Centre 2023) catalog lists one large earth-
quake (M = 7.0) along this fault in 1991. Earthquakes with 
magnitudes M < 7.0 have also been reported along the fault 
(e.g., ISC-EHB catalog). Available focal mechanisms (e.g., 
Le Dain et al. 1984; Guzmán-Speziale and Ni 1996; Global 
Centroid-Moment Tensor (CMT) Project (http:// www. globa 
lcmt. org)) show right-lateral, strike-slip faulting along the 
fault (Fig. 9). Additional faults adjacent to the Sagaing are 
also seismically active, such as the Churachandpur Mao fault 
(e.g., Kundu and Gahalaut 2013; Tiwari et al. 2015) or the 
Kopili fault (Singh et al. 2017). GPS results show a slip rate 
of 16–24 mm/yr along this fault (Maurin et al. 2010; Tin 
et al. 2022).

The Andaman Sea (Fig. 6), is the site of shallow earth-
quakes (Fig. 8), both right-lateral, strike-slip faulting and 
normal-faulting (Fig. 9) (e.g., Rajendran and Gupta 1989; 
Dasgupta and Mukhopadhyay 1993; Guzmán-Speziale and 
Ni 1996; Carter and Bandopadhyay 2017; Singha et al. 
2019; Srijayanthi and Ravi Kumar 2020; Bhat et al. 2021; 
Shamin et al., 2021; Jacob et al. 2021; International Seismo-
logical Centre 2023). They are associated with the Andaman 

Spreading Ridge, where sea-floor spreading takes place 
along a system of east-northeast striking spreading centers 
that are offset by north-northwest oriented transform faults 
(e.g., Curray 1989; Guzmán-Speziale and Ni 1993; 1996; 
Srijayanthi et al. 2017). There is also shallow seismicity 
along the West Andaman and Mentawai faults (Fig. 8), with 
strike-slip, right-lateral seismic mechanisms (e.g., Global 
CMT project).

The Sumatra fault is seismically active (Figs. 8 and 9). 
Engdahl and Villaseñor (2002) report seven large (M ≥ 7.0), 
shallow (z ≤ 50 km) earthquakes on or near the Sumatra 
fault which could be related to activity along the fault: 1900 
(M = 7.0), 1909 (M = 7.2), 1917 (M = 7.1), 1933 (M = 7.3), 
1935 (M = 7.0), 1936 (M = 7.1), two in 1943 (M = 7.2 and 
M = 7.5), and 1946 (M = 7.1). Focal mechanisms of earth-
quakes along the Sumatra fault are generally right-lateral, 
strike-slip (e.g., Sukmono et al. 1997; Weller et al. 2012; 
Jacob et al. 2021; Global CMT project). The right-lateral 
Mentawai fault is also seismically active (Fig. 8 and 9) 
(Lasitha et al. 2006; Mukti et al. 2012; Weller et al. 2012; 
Syafriani 2018).

It is well known that the southern portion of the western 
Sunda Arc is the site of very large interplate earthquakes, 
such as the 26 December, 2004 event (Mw 9.1), the 28 

Fig. 10  Arc-like segments along the Western Sunda Arc. a Eight seg-
ments along the arc. Centers of curvature of their respective arcs are 
numbered circles. Magenta crosses are inflection points. Dashed lines 
are the chords of the arcs. Notice that centers of curvature of adjoin-
ing arcs are linked by a great circle (solid line in this map projection). 

Arrows are trench normal vectors; they start at mid point of their 
corresponding arc and point to the center of curvature (dotted line). 
b Topography and bathymetry of the Western Sunda Arc is shown, 
for reference, along with the eight segments of the arc. See text for 
details

http://www.globalcmt.org
http://www.globalcmt.org
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March, 2005 quake (Mw = 8.6) (e.g., Engdahl et al. 2007), 
or the 12 September, 2007 event (Mw = 8.5) (e.g., Konca 
et al. 2008). Other great earthquakes (M ≥ 8) have also been 
identified throughout the historic record, in 1797, 1833, and 
1861 along the southern arc (Newcomb and McCann 1987; 
Sieh and Natawidjaja 2000; Natawidjaja et al. 2006; Eng-
dahl et al. 2007). Somewhat smaller (M < 8), but significant, 
thrust-faulting events in the historic record have been identi-
fied in the central part of the arc, in 1847, 1881, and 1941 
(Bilham et al. 2005). On the other hand, interplate events 
are practically absent in the northern part of the arc, north 
of about latitude 15° (Fig. 8), right where the trench loses its 
physiographic signal (e.g., Guzmán-Speziale and Ni 1996, 
2000; Satyabala 1998; Gahalaut et al. 2013; Mukhopadhyay 
et al. 2016). Large outer-arc strike-slip earthquakes also 
take place (Fig. 9); worth mentioning is the 2012 doublet 
(Mw = 8.6 and Mw = 8.2; Duputel et al. 2012).

Although there is no physical trench in the northern part 
of the arc, a Wadati-Benioff zone can be traced throughout 
the entire arc, except for the northern Andaman sea (between 
latitudes 14° and 17°, approximately) (Figs. 7 and 8) (e.g., 
Ni et al. 1989; Guzmán-Speziale and Ni 1996; Satyabala 
1998; 2003; Khan 2005; Hurukawa et al. 2012; Gahalaut 
et al. 2013; Hayes et al. 2018; Bhat et al. 2021). Earth-
quake hypocenters usually reach a depth of no more than 
200–220 km in the south (Sumatra-Andaman arc) and about 
150 km in the Burmese arc, in the north. Fault-plane solu-
tions within the subducted slab show thrust-faulting, normal-
faulting, and strike-slip mechanisms, all with P axes parallel 
to the trench, which Guzmán-Speziale and Ni (1996) inter-
preted this as a compressive state of stress parallel to the arc 
(in the N–S direction) and tension perpendicular to it (and 
parallel to the direction of maximum slope).

GPS results (e.g., Chamot-Rooke and Le Pichon 1999; 
Michel et al. 2000, 2001; Socquet et al. 2006; Simons et al. 
2007; Chlieh et al. 2008; Gahalaut et al. 2013; Singh et al. 
2014; Mallick et al. 2019) confirm that the Burma, Sunda, or 

Table 1  Parameters of the eight 
arc-like segments along the 
Western Sunda Arc

N, Number; C, Center of curvature (latitude, longitude); ∂, Distance from center of curvature to arc (in 
degrees); IP, Initial (northernmost) point of segment (latitude, longitude); MP, Mid point of segment (lati-
tude, longitude); FP, Final (southernmost) point of segment (latitude, longitude). TN, azimuth of trench 
normal, in degrees

N C ∂° IP MP FP TN

1 22.85°–98.36° 5.80 28.15°–95.74° 24.27°–92.22° 19.38°–93.37° 102.93°
2 17.35°–90.62° 3.31 19.38°–93.37° 17.35°–94.09° 15.32°–93.35° 89.47°
3 10.58°–99.40° 7.57 15.32°–93.35° 11.28°–91.73° 7.03°–92.64° 94.56°
4 6.05°–90.84° 2.04 7.03°–92.64° 6.53°–92.83 6.01°–92.89° 76.25°
5 5.90°–96.86° 3.95 6.01°–92.89° 3.98°–93.39° 2.49°–94.85° 60.91°
6 − 1.53°–92.48° 4.66 2.49°–94.85° 1.75°–95.79° 0.80°–96.52° 45.29°
7 18.50° 130.71° 37.92 0.80°–96.52° − 3.19°–99.11° − 6.88° 102.13° 53.93°
8 − 4.44°–104.81° 3.61 − 6.88°–102.13° − 7.56°–102.99° − 7.96°–104.00° 30.20°

Fig. 11  Obliquity angles for the eight arc-like segments along the 
Western Sunda Arc. Red arrows indicate the direction of plate con-
vergence between the India and Sundaland plates (DeMets et  al. 
2010) in the mid points of each arc. Black arrows are the direction 
of trench normal for each of the arcs, as determined in this work (see 
Fig. 10 and Table 1). Small-circle trajectories around the India-Sun-
daland Euler pole are shown as dashed red lines. The small circle, 
plate convergence and trench normal vectors for arc 4 are shown in 
the inset, for clarity
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Sundaland platelet is being displaced to the North-Northeast 
with respect to Eurasia.

Arc‑geometry and oblique plate 
convergence in the western Sunda arc

Following the procedure described above in Sect.  "Oblique 
plate convergence along an arcuate trench on a spherical 
earth", we fit eight arc-like (small circle) segments to the 
Western Sunda Arc (Fig. 10). Arcs three through eight are 
fitted to the deepest part of the trench, while arc two was fit-
ted to the 2000 m depth contour. Finally, arc one was deter-
mined parallel to the trend of the Indoburman Ranges and 
continuous from the other arcs, because, there is no active 
trench associated to it (e.g., Guzmán-Speziale and Ni 1996; 
Gahalaut et al. 2013). Table 1 lists the parameters of each 
of the eight segments identified here: Location of centers of 
curvatures, initial, mid, and end points, as well as distance 
from the center of curvature to the arc (in degrees) and the 
azimuth of trench normal. From segments one to seven, 
centers of curvature are located alternatively to the East and 
West of the Western Sunda Arc. That is, arcs are alterna-
tively concave and convex, with respect to the overriding 
Burma plate. The center of curvature for segment eight is 
located on the same (concave) side as that of segment seven 
(Fig. 10).

Trench normal direction is the azimuth from the mid-
point to the center of curvature, in the case of segments 1, 
3, 5, 7, and 8 (concave segments), and the azimuth from the 
center of curvature to the midpoint for segments 2, 4, and 6 
(convex segments) (Fig. 10). Only in the case of arc one is 
the azimuth of trench normal somewhat arbitrary, because it 
depends on the location of the northernmost end point of the 
arc, not determined by an actual trench (Fig. 10; Table 1). 
Arcs one through four are oriented roughly in a N–S direc-
tion, which is readily evident from Fig. 10, and also from the 

azimuth of trench normal, which is close to 90° (Table 1). 
Arcs five through eight are oriented in a a more NW–SE 
direction (Fig. 10; Table 1).

We determine obliquity along the WSA using the pole 
of rotation of the Indian plate with respect to Sundaland of 
DeMets et al. (2010). This Euler pole is located at latitude 
−21.2° and longitude −151.8°, with an angular velocity of 
0.444 deg/myr. As stated above, the angle of obliquity for 
each arcuate segment is the difference between the azimuth 
of plate convergence and the direction normal to the trench 
at the mid point of each arc (Fig. 11; Table 2).

Angles of plate obliquity along the WSA determined 
by India-Sundaland relative plate motion range from 92° 
along the Burmese arc (northernmost portion of the arc), 
to 31° offshore Sumatra, and finally 7° along segment eight 
(Fig. 11; Table 2). According to the classification of Sco-
tese and Rowley (1985), convergence along arcs one, two, 
and three is highly oblique (92°, 74°, and 76°, respectively), 
moderate along arcs four (56°), five (39°), and seven (31°) 
and slight along segment six (23°) and eight (7°) (Table 2; 
Fig. 11).

Discussion

Few, if any, arc trench systems are a straight line (or, equiva-
lently, a great circle on the surface of a spherical Earth): 
perhaps the southern part of the Perú-Chile (Fig. 2) or the 
Tonga-Kermadec trench, in the southwestern Pacific Ocean 
approximate this geometry.

Flat-Earth models with straight trenches are well suited 
for small sections of the Earth, spanning only a few kilom-
eters. Determining oblique convergence on a point-by-point 
basis along a straight trench may be justifiable for such mod-
els. But using them for entire arc-trench systems that can 
stretch for hundreds of kilometers, in a succession of con-
necting arc-like features on an almost spherical Earth may 
lead to problems. As seen on Fig. 2, point-by-point determi-
nation of obliquity angles leads to significant differences in 
the angles, and even abrupt changes of sign.

The idea of an arcuate trench is not new (e.g., Frank 1968; 
Tovish and Schubert 1978; Hsui and Youngquist 1985; 
Yamaoka et al. 1986; Yamaoka and Fukao 1987; Morra et al. 
2006; Mahadevan et al. 2010; Boutelier and Cruden 2013; 
Crameri and Tackley 2014; Király et al. 2016), nor is the 
method of dividing the trench into several adjoining arc-like 
segments (Guzmán-Speziale 1995). However, oblique plate 
convergence on a spherical Earth with arcuate trenches had 
not been fully explored in the past.

Here, we present a new approach to the problem of 
oblique plate convergence on a spherical Earth. We fit the 

Table 2  Angles of obliquity in mid-points along the Western Sunda 
Arc

Angles are calculated for the India-Sundaland Euler pole of DeMets 
et al. [2010]. Lat., Lon., is the location of the midpoint of the arc; α is 
the azimuth of plate convergence; γ is the angle of obliquity

N Lat Lon α γ

1 24.27 92.22 10.93 92.00
2 17.35 94.09 15.23 74.24
3 11.28 91.73 18.14 76.42
4 6.53 92.83 20.43 55.82
5 3.98 93.39 21.51 39.40
6 1.75 95.79 22.13 23.16
7 −3.19 99.11 23.22 30.71
8 −7.56 102.99 23.47 6.73
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trench to a small number of continuous, arc-like features, 
either concave or convex towards subduction (e.g., Guzmán-
Speziale 1995), and assign a trench normal to each one of 
the segments, from the central point of the arc and in the 
direction of the center of curvature of the arc. This is equiva-
lent to taking the average of plate normal for each and every 
point along the arcuate segment. The angle of obliquity, 
between trench normal and plate convergence vector, may 
then be calculated uniquely for each of the arcs (Fig. 5), as 
the difference between the azimuth of plate convergence and 
the azimuth of the trench-normal vector.

We use the Western Sunda Arc (WSA) as an example for 
our proposed model, because of the high obliquity of conver-
gence between the Indian and the Burma plates along it (e.g., 
Fitch 1972; Beck 1983; Curray 1989; Guzmán-Speziale and 
Ni 1996; Bradley et al. 2017; Acocella et al. 2018). In fact 
this is the place where oblique plate convergence was first 
recognized (Fitch 1972).

Eight continuous arc-like segments are fitted to the entire 
trench, from the Eastern Himalayan Syntaxis, to the Sunda 
Strait. The three northernmost arcs are oriented approxi-
mately in a N–S direction, as determined by their chord 
and/or by their orthogonal trench-normal vector (Table 1; 
Fig. 10), while the rest are oriented NW–SE.

Relative motion between the Indian and Sundaland plates 
is determined using the Euler pole proposed by DeMets et al. 
(2010). Obliquity along the arc is then calculated for each of 
the eight arcs, as the difference between the vector of India-
Sundaland plate convergence, and the trench-normal vector, 
at the central point of each of the arcs. Obliquity along the 
WSA ranges from 92° along the Burmese arc, to 7° in front 
of the Sunda strait (Table 2; Fig. 11).

The idea set forward by Fitch (1972), that oblique plate 
convergence offshore Sumatra is responsible for decoupling 
of slip on the western Sunda region, leading to right-lateral 
motion along the Sumatra fault, has prevailed ever since. 
Results presented here suggest that oblique plate conver-
gence is more pronounced along the three northernmost arcs, 
north of about latitude 7° N (latitude of the northernmost tip 
of the island of Sumatra) (Fig. 11). In the classification of 
Scotese and Rowley (1985), arcs one, two, and three along 
the northernmost Western Sunda Arc are under high oblique 
plate convergence (92°, 74°, and 76°, respectively), whereas 
the southern section (arcs four to eight), with an obliquity 
average of 25°, is only slightly oblique (see also Table 2 and 
Fig. 11).

What then, triggers slip partitioning and right-lateral, 
strike-slip deformation along the Sumatra fault? Obliquity 
of 31° along much of Sumatra (segment seven) (Table 2; 
Fig. 11) may indeed be a contributing factor, but let us con-
sider oblique plate convergence along the entire Western 
Sunda Arc.

Along the northern part (arcs one and two in this work), 
a well-defined Wadati-Benioff zone has been clearly delin-
eated (e.g., Ni et al. 1989; Guzmán-Speziale and Ni 1996; 
Satyabala 1998; Gahalaut et al. 2013; Kundu and Gahalaut 
2013; Steckler et al., 2016), but there are no thrust-faulting, 
shallow interplate earthquakes. This led Guzmán-Speziale 
and Ni (1996) to propose that active plate convergence 
(sensu stricto) has ceased from the Eastern Himalayan syn-
taxis to about latitude 15° (arcs one and two in this work) 
and that the plate boundary is strongly coupled.

The India-Sundaland plate boundary is then most proba-
bly strongly coupled, or even locked, along arcs one and two, 
although Mallick et al. (2019) report a great (M ~ 8) thrust 
earthquake that took place in the Arakan area in 1762. South 
of latitude 15° (arc three) there are thrust-faulting, inter-
plate earthquakes (Fig. 9) (Guzmán-Speziale and Ni 1996). 
As suggested by Ni et al. (1989), Gahalaut and Gahalaut 

Fig. 12  Model for oblique plate convergence along the Western 
Sunda Arc. a Areas of the Burma platelet. A- locked (coupled) area, 
represented by thick purple line along the trench. B- extension area 
(light blue along the trench). C- Forearc slip area. D– Transition area. 
b Velocity vector diagrams for arcs along the Western Sunda Arc. 
Red arrow is plate convergence vector; black arrow, trench normal 
vector; blue arrow, chord-parallel velocity component. The value of 
this component (speed) is also indicated
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(2007), and Khin et al. (2020), this probably resulted in the 
mechanical dragging of the Sundaland (Burma) platelet 
to the north-northeast. Coupling of the two plates, on the 
other hand, may have been the consequence of high oblique 
plate convergence (cf., Scotese and Rowley 1985). In other 
words, the northern Sundaland platelet is trapped by highly 
oblique plate convergence and by the arcuate shape of arc 
one (e.g., Ni et al. 1989). Khin et al. (2020) argue that, “…
the Burma Plate was wedged in the subduction zone and 
dragged towards the north with the Indian Plate between 
internal N–S trending right-lateral shearing and external 
E–W shortening.”

The rest of the platelet is probably being dragged along to 
the NNW, resulting in the opening of the Andaman spread-
ing ridge, where a thinner oceanic crust could facilitate 
the process, and right-lateral, strike-slip faulting along the 
Sumatra fault.

Figure 12 shows a schematic model of the process: Area 
A, which comprises arcs one and two, is locked at the trench, 
at least temporarily. At the same time, it is the zone where 
the highest oblique plate convergence takes place, with a 
margin-parallel vector oriented almost in a N–S direction 
and a component of speed of 4.2 cm/yr (Fig. 12). This leads 
to right-lateral, strike-slip deformation along the Sagaing 
fault. Area B (arc three) corresponds to rifting of the oceanic 
crust along the Andaman spreading ridge. Plate convergence 
is still highly oblique and its trench-parallel component is 
still 4.2 cm/yr (Fig. 12). Area C is characterized by smaller 
trench-parallel velocities: from 3.7, 2.9, 1.8, and 2.4 cm/yr in 
arcs four through seven, with an average of 2.7 cm/yr. These 
vectors are oriented in a more NW–SE direction (Fig. 12). 
Finally, area D is the transition between the western and the 
rest of the Sunda Arc, and is characterized by a very small 
(0.6 cm/yr) trench parallel component (Fig. 12).

Trench-parallel components calculated here are in good 
agreement with results presented elsewhere: Mallick et al. 
(2019) use GPS techniques to estimate a total north–south 
shear in the Burma (Myanmar) area of about 30 mm/yr, 
with the Sagaing fault taking up 20 mm/yr, compared to the 
42 mm/yr calculated herein. Acocella et al. (2018) report 
a geologic slip across the Sumatra fault of 2.7–0.68 cm/
yr, decreasing from north to south, a geodetic slip of 
2.3–2.6 cm/yr, and a trench-parallel component of 2.9 cm/yr.

Even though tectonic plates are generally considered rigid 
(at least in the short term), the process described above must 
lead to internal stretching of the Sundaland (Burma) plate-
let. Several authors propose that, indeed, the interior of this 
platelet is in tension, noticeable as rifting along the Anda-
man Sea (e.g., Guzmán-Speziale and Ni 1993; 1996), and 
decreasing slip rates along the Sumatra fault, from north to 
south (e.g., McCaffrey 1991; 1992; Bellier and Sébrier 1995; 
Genrich et al. 2000; McCaffrey et al. 2000; Mukhopadhyay 

et al. 2016; Bradley et al. 2017; Acocella et al. 2018), thus 
supporting the model presented here.

Conclusions

A new way to define oblique plate convergence is presented 
here. It is based on fitting an arc-trench system with con-
tiguous and continuous segments of small circles. Trench-
normal direction of each arc is calculated at the mid-point 
of every arc only. Azimuth of trench normal vector is also 
the direction from the mid point of the arc to its center of 
curvature. Obliquity of plate convergence is the angular dif-
ference between the plate convergence vector and the trench 
normal vector, both at the mid point of each arc. Trench 
parallel velocity vector is a chord-parallel vector.

This new definition is applied to the Western Sunda Arc, 
where eight segments are fitted, and obliquity of plate con-
vergence is calculated. The largest obliquity is found along 
the three northernmost segments, where obliquity is high 
and the subducting and overiding plates seem to be com-
pletely coupled. Offshore Sumatra, obliquity is low, and 
apparently coupling is low. This suggests that oblique plate 
convergence along the northern Western Sunda Arc, together 
with plate coupling, is dragging the Sundaland platelet to 
the north-northeast, causing right-lateral, strike-slip faulting 
along the great Sagaing and Sumatra faults (and probably the 
Mentawai and West Andaman faults also), as well as open-
ing of the Andaman spreading ridge.
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